Connections between PML nuclear bodies (PML NBs) and DNA virus replication have been investigated from the earliest days of the molecular characterization of PML and associated proteins. It appears to be a general feature of nuclear-replicating DNA viruses that their parental genomes preferentially become associated with PML NBs, and that their initial sites of transcription and development of DNA replication centres are frequently juxtaposed to these domains or their remnants. In addition, regulatory proteins encoded by several DNA viruses associate with and sometimes cause catastrophic changes to PML NBs by a variety of mechanisms. These events can be correlated with the eciency of viral infection and the functions of viral regulatory proteins, but the underlying molecular connections between PML NB function and viral infection remain poorly understood. This article reviews the latest developments in the interactions between PML NBs and herpesviruses, adenoviruses and papovaviruses. Oncogene (2001) 20, 7266 ± 7273.
Introduction
Viruses, even the largest and most complex, are too simple to encode all the proteins required for their replication, and therefore they depend on a wide variety of host cell functions. However, the cell can not be viewed simply as some sort of vessel commandeered for the convenience of the virus ± the two have evolved together in careful balance, with complex interactions which can have either positive or negative eects on viral replication. Viruses with double-stranded DNA genomes that replicate in the nucleus must engage with all aspects of cellular metabolism. They use or adapt the host transcriptional apparatus and all the cellular pathways required for processing and transport of their mRNAs. Their proteins are translated, transported and turned over by cellular mechanisms, while transport of viral particles and sub-structures takes place via cellular organelles and structures. This coherence between viral and cellular processes is not only of great importance to the understanding of viral infection, it also provides an invaluable tool for the dissection of the underlying cellular biology. The previous decade of study of the molecular aspects of PML NBs has provided a powerful example of how virology and cell biology can be combined to enhance insight to a much greater degree than either studied alone.
The history of DNA virus associations with PML NBs began in earnest when Gerd Maul enquired whether the stress-aected nuclear structures that he and others had been investigating were also altered during virus infection. It transpired that HSV-1 infection led to the rapid disruption of the structures (that he named ND10), and that the viral immediateearly regulatory protein ICP0 was required for this eect (Maul et al., 1993) . The signi®cance of this ®nding was at ®rst viewed with much scepticism in many quarters, but it has led to a proli®c research area that is now central to many aspects of virology. As the virus-related studies developed from observational to molecular biology, a number of advances have been made that relate not only to virology, but also to molecular aspects of APL and more generally to nuclear structure and function.
The aim of this article is to review recent advances in the study of interactions between DNA viruses and PML NBs. The results of microscopy studies will be considered in comparison with the biochemical aspects of the interactions, and the possible functional signi®cance of the interactions will be discussed. There will be an emphasis on the herpesviruses because these have been most extensively studied with regard to PML NBs, but studies with adenovirus and the small SV40 and papilloma viruses will also be covered. Viruses with RNA genomes and retroviruses are considered in the article by Tarik Regad and Mounira Chelbi-Alix elsewhere in this volume. There are a number of fairly recent reviews of this topic (Everett, 1999; Maul, 1998; Maul et al., 2000) , but this is a fast moving ®eld!
Herpesviruses
Herpesviruses are classi®ed on the basis of biological properties, genome structure and sequence comparison into three sub-families -alpha, beta and gamma (for general reviews, see Fields et al., 1996) . Members of all of these sub-families have been studied in relation to PML NBs, and the varying biology of the viruses has enabled diverse but inter-related aspects of PML NBs to be elucidated.
HSV-1 and ICP0
HSV-1 and its regulatory protein ICP0 (named Vmw110 in many previous publications) have been studied more extensively in relation to PML NBs than any other virus or viral protein (for a general review of ICP0, see Everett, 2000b) . As a member of the neurotropic alpha herpesvirus sub-family, HSV-1 is able to attain a stable latent state in neurons after a primary lytic infection of epithelia. Previous studies had established that the RING ®nger protein ICP0 activates the expression of a wide variety of genes in transfection assays, stimulates viral lytic infection, reactivates quiescent viral genomes in cultured cells and contributes to the eciency of reactivation of latent virus from neurons in mouse models (reviewed in Everett, 2000b; Everett et al., 1991; Preston, 2000 ; see also Halford and Schaer, 2001 ). The initial observation that HSV-1 disrupts PML NBs, but an ICP0 virus mutant does not (Maul et al., 1993) , led rapidly to the ®nding that ICP0 was sucient for the disruption and the identi®cation of domains of ICP0 required for the eect Maul and Everett, 1994) . Intriguingly, the RING ®nger of ICP0 was essential for the disruption while a region closer to the C-terminus of the protein was required for the ecient localization of ICP0 at PML NBs . In general, mutational analyses have indicated a good correlation between the eects of ICP0 on viral growth and gene expression and its ability to disrupt PML NBs. Therefore the possible roles of PML NBs in viral infection, the mechanism by which ICP0 disrupts them, and the consequences of this process have been extensively studied.
Parental viral genomes and the development of replication compartments A discovery which kindled further interest in the connections between DNA viruses and PML NBs came again from Gerd Maul's work, when he showed that parental HSV-1 genomes have a tendency to associate with the periphery of PML NBs, and that the viral replication compartments developed from these sites . This observation has been repeated in several dierent viral systems (see below), which suggests that the cell handles incoming viral particles and their genomes in a non-random manner. Since PML NBs are located between chromosome territories (Plehn-Dujowich et al., 2000) it could be argued that there is limited space within the nucleus for a viral particle to manoeuvre, but similar ®ndings using transfected plasmids to produce HSV-1 replication centres in the absence of viral particles (Lukonis and Weller, 1997) , and parallel results in other viral systems, suggests that these are signi®cant rather than chance associations. There is the very intriguing possibility that the interactions occurring between viral genomes and host factors associated with PML NBs could aect the outcome of a viral infection at its very earliest stages.
The biochemical eects of ICP0 It is now clear that ICP0 brings about the disruption of PML NBs during virus infection by inducing proteasome-dependent degradation of both PML and Sp100, particularly their SUMO-1 modi®ed forms (Chelbi-Alix and de The, 1999; Everett et al., 1998a; Parkinson and Everett, 2000) . This process is dependent on the RING ®nger of ICP0 (Everett et al., 1998a) and probably requires only low levels of the protein (Hobbs et al., 2001) . Transfection experiments have con®rmed that ICP0 leads to failure to accumulate SUMO-1 modi®ed forms of PML expressed from a co-transfected plasmid (Muller and Dejean, 1999) , and furthermore that ICP0 by itself induces proteasome-dependent degradation of both modi®ed and unmodi®ed PML isoforms (Parkinson and Everett, 2000) . The ability of ICP0 to stimulate lytic infection and induce reactivation from quiescence correlates very well with its eects on cellular proteins since the proteasome inhibitor MG132 blocks both ICP0-induced protein degradation and its roles in virus infection (Everett et al., 1998b) .
The SUMO-1 modi®cation status of PML might in¯uence its fate in the presence of ICP0 in ways that have yet to be understood. In infected Hep2 cells the SUMO-1 modi®ed forms are preferentially destabilized compared to the apparent major unmodi®ed PML isoform (Everett et al., 1998a) , while in HFL cells all forms of PML are readily degraded (Parkinson and Everett, 2000) . Since SUMO-1 modi®cation of dierent isoforms of PML might vary (see other papers in this volume), it is possible that the eects of ICP0 could also be in¯uenced by the particular PML isoforms involved. In turn this might vary with species, cell type, and cell status, and such factors could explain why in certain situations PML is rapidly lost from infected cells, while in others residual PML can be recruited into developing replication compartments (Burkham et al., 1998 (Burkham et al., , 2001 . Therefore cell type and species variation in PML isoform expression might in principle aect ICP0 function and HSV-1 replication. For example, cultured neuron-like NT2 cells are relatively resistant to HSV-1 infection, and this could in part be related to relatively inecient function of ICP0 exempli®ed by a reduced ability to disrupt the PMLcontaining structures in these cells (Hsu and Everett, 2001) . Interestingly, PML is less heavily modi®ed by SUMO-1 in NT2 cells, but other factors must be taken into consideration as the PML structures in these cells are highly abnormal (Hsu and Everett, 2001; Ishov et al., 1999) .
Another complication in the interpretation of the eects of ICP0 on PML concerns the location of the induced degradation. Since ICP0 mutants that localise poorly to PML NBs induce the loss of SUMO-1 modi®ed PML with reduced eciency (Everett et al., 1998a) it is likely that this process is also controlled by spatial restraints and most likely occurs at the PML NBs themselves. Evidence summarized elsewhere in this issue indicates that SUMO-1 modi®ed PML is probably preferentially recruited into PML NBs. Therefore these forms may be degraded in response to ICP0 more readily than the apparently unmodi®ed PML isoforms in some experimental systems because of their presence in the same sub-nuclear compartment.
Whatever the role of SUMO-1 modi®cation in ICP0-induced instability of PML, recent data indicate that ICP0, like many RING ®nger proteins, has ubiquitin E3 ligase activity in vitro (C Boutell, S Sadis and R Everett, in preparation). Ubiquitin E3 ligases (which can comprise either a single protein or a complex multi-subunit assembly) stimulate and probably regulate the activity of E2 ubiquitin conjugating enzymes, a role consistent with the ability of many RING ®nger proteins to regulate a variety of processes by inducing the degradation of speci®c target proteins (reviewed by Freemont, 2000; Joazeiro and Weissman, 2000) . Although ubiquitination of PML in response to ICP0 has yet to be demonstrated (and indeed, ubiquitination of PML in other situations in which it is known to be degraded by the proteasome has not yet been observed (Lallemand-Breitenbach et al., 2001) ), a similar RING ®nger requirement for ICP0 E3 ligase activity in vitro and degradation of PML in vivo strongly suggests a direct involvement of the ubiquitin pathway in ICP0 function and PML stability. This conjecture is supported by the observation that ICP0 induces the formation of co-localizing conjugated ubiquitin in PML NBs and at other locations where it accumulates (Everett, 2000a) .
The complex interactions between the uniquitin and SUMO-1 pathways that underlie these events have yet to be elucidated. In the case of IkB, SUMO-1 modi®cation takes place at lysine residues normally targeted for ubiquitination, thereby stabilizing the protein (Desterro et al., 1998) , and in principle this could also apply to PML. However, recent evidence suggests that the ability of PML to be modi®ed by SUMO-1 at residue K160 is required for PML to be degraded in response to arsenic treatment (LallemandBreitenbach et al., 2001) , and this result was interpreted to suggest a more direct role of SUMO-1 modi®cation of PML in the control of its stability.
ICP0, USP7 and PML NBs
Notwithstanding the spatial aspects of PML degradation induced by ICP0 discussed above, and in view of the apparent requirement for SUMO-1 modi®cation of PML at K160 for arsenic-induced degradation, the particular sensitivity of SUMO-1 modi®ed PML to ICP0 could also indicate a more direct role for SUMO-1 modi®cation of PML in its degradation. However, it is possible that in addition to its role in the ubiquitin pathway, ICP0 might in¯uence the rate of SUMO-1 modi®cation or de-modi®cation of PML. Interestingly, ICP0 has a strong interaction with ubiquitin-speci®c protease USP7 (also known as HAUSP) (Everett et al., 1997) , one of a family of enzymes that releases conjugated ubiquitin from substrate proteins. Since small accumulations of USP7 could be found associated with PML NBs in some cell types, it was tempting to suggest that USP7 might in fact cleave SUMO-1 conjugates and thus be involved in PML dynamics. However, no evidence for this conjecture could be found (Everett et al., 1998a) , and more recent work has shown that the enzymes that cleave conjugated SUMO-1 are structurally distinct from the USP family (Li and Hochstrasser, 1999) . The role of USP7 in ICP0 function and PML NB dynamics has remained somewhat enigmatic, especially since the discovery of the ubiquitin E3 ligase activity of ICP0 revealed its schizophrenic association with both ubiquitin conjugation and cleavage activities. ICP0 recruits increased amounts of USP7 into PML NBs both during infection (Everett et al., 1997) and strikingly in transfected cells (Parkinson and Everett, 2001) , and this interaction contributes to but is not essential for ICP0 function (Everett et al., 1999d) . ICP0 could be regulating USP7 activity, or vice versa, or USP7 could be protecting ICP0 from auto-ubiquitination, or it could be that ICP0 simply recruits USP7 to provide recycled monomeric ubiquitin as substrate for the ubiquitination activity associated with the RING ®nger.
ICP0, PML NBs and centromeres
The interpretation of the signi®cance of the eect of ICP0 on PML NBs is complicated by the observation that ICP0 has similar eects at centromeres. Centromeric proteins CENP-C and CENP-A are degraded by the proteasome pathway in response to ICP0, leading to disruption of centromere structure and concomitant mitotic delay and failure (Everett et al., 1999a; Lomonte and Everett, 1999; Lomonte et al., 2001) . Why ICP0 should migrate to and aect both PML NBs and centromeres is not yet clear, but they do have components in common. HP1 and hDaxx can associate with both structures and, in the presence of proteasome inhibitor MG132, SUMO-1 becomes detectable at centromeres (Everett et al., 1999b; Ishov et al., 1999; Lehming et al., 1998; Li et al., 2000; Seeler et al., 1998; Sternsdorf et al., 1999; Torii et al., 1999) . In a proportion of MG132-treated cells, particularly those in G2, there can be a striking juxtaposition or association of PML body proteins and centromeres (Everett et al., 1999b) . These results suggest that the dynamics of PML NBs and centromeres have some aspects in common, and ICP0 is detrimental to both because of an eect on some shared component or property. Indeed, the PML structures in the NT2 cells described above have low levels of co-localizing hDaxx, probably because of the reduced SUMO-1 modi®cation of PML in this cell line, and instead hDaxx and ICP0 are preferentially localized at centromeres (Hsu and Everett, 2001) .
Herpes virus proteins related to ICP0
Other members of the alpha herpesvirus sub-family also encode proteins related to ICP0 by virtue of the presence of a RING ®nger domain. Varicella zoster virus, pseudorabies virus, and type 1 bovine and equine herpesviruses all express proteins with similar properties to ICP0 in many respects, including their ability to disrupt PML NBs with varying eciencies (Parkinson and Everett, 2000) . However, although the ICP0-related proteins also induce concentrations of colocalizing conjugated ubiquitin (Parkinson and Everett, 2001 ), they did not aect conjugation of SUMO-1 to PML IV in co-transfection assays (Parkinson and Everett, 2000) (for a summary of PML isoform nomenclature, see the paper by Paul Freemont in this issue). Thus their disruption of PML NBs may proceed via a mechanism that diers in detail from that of ICP0. In view of the possible intricacies of cell type and species dierences alluded to above, it would be interesting to investigate the eects of these ICP0-related proteins in virus infections of cells derived from their natural hosts.
An inhibitory eect of PML NBs on viral gene expression? While the eects of ICP0 on PML NBs can be clearly demonstrated by microscopy, and the fate of PML body proteins studied biochemically, the signi®cance of these events for virus infection remains poorly understood. Certainly these eects correlate with the ability of ICP0 to stimulate infection and reactivation from quiescence, but ICP0 also aects other proteins, notably CENP-C, CENP-A and the catalytic subunit of DNA-PK, with similar destructive results (Everett et al., 1999a; Lomonte et al., 2001; Parkinson et al., 1999) . Therefore the correlation of ICP0 function with PML body fate is no more than suggestive of a functional link. A variety of studies have approached this intricate problem. Firstly, the well established induction of PML expression and PML body development by interferon suggests a link with anti-viral activity. Indeed, ICP0-de®cient viruses are particularly susceptible to inhibition by interferon (Mossman et al., 2000) , and in one study interferon was found to inhibit both viral immediate-early gene expression and ICP0-induced disruption of PML NBs (Taylor et al., 2000) . Given the complexities of interferon regulated pathways, these studies also suer from the limitation of correlation rather than direct demonstration. A number of laboratories have attempted more direct studies by assessing the eects of high level expression of PML on HSV-1 replication, but as yet no clear demonstration of a signi®cant eect has been published. For example, high levels of PML III do not impede HSV-1 infection (Chelbi-Alix and de The, 1999), although it is possible that the results of this type of experiment may be aected by choice of cell type and PML isoform.
HCMV and regulatory proteins ie1 and ie2
Parallel studies on HCMV quickly established that PML NBs are disrupted early during infection, and that regulatory protein ie1 is necessary and sucient for this eect (Ahn et al., 1998; Ahn and Hayward, 1997; Kelly et al., 1995; Korioth et al., 1996; Wilkinson et al., 1998) . It is intriguing that HCMV mutants that do not express ie1 have a phenotype similar in many ways to that of HSV-1 ICP0 mutants ± they enter the lytic cycle ineciently, but the defect can be overcome by using a high dose of virus (Mocarski et al., 1996) . Like HSV-1, parental HCMV genomes were found in association with PML NBs, and certain technical advantages for this type of work with HCMV allowed a much more thorough analysis of the spatial organization of PML NBs, viral genomes, viral transcripts and host cell splicing compartments Ishov et al., 1997) . Like those of HSV-1, HCMV replication compartments developed from parental genomes at the periphery of PML NBs (Ahn et al., 1999; Ishov and Maul, 1996) , and again this situation could be reproduced using plasmids expressing the viral replication proteins rather than intact virus (Ahn et al., 1999) .
The parallels between HSV-1 and HCMV suggest that their respective ICP0 and ie1 regulatory proteins might have similar biochemical properties. This is clearly not the case. HCMV ie1 is not a RING ®nger protein and does not induce the degradation of PML. Although ie1 causes reduced SUMO-1 modi®cation of exogenous PML in co-transfected cells (Muller and Dejean, 1999) , endogenous PML in HCMV infected cells has not been reported to undergo any obvious biochemical changes. Instead, ie1 migrates to chromatin after an initial association with PML NBs and it appears to redistribute PML to chromatin by interacting with it; this process has been suggested to account for the disruption of PML NBs by ie1 (Ahn et al., 1998) . There is some evidence that the eect of ie1 on PML NBs has a direct signi®cance to HCMV replication since cell lines which express high levels of PML VI are poorly infected by the virus (Ahn and Hayward, 2000) .
EBV and HHV-8 and their regulatory proteins
The members of the gamma herpesvirus sub-family preferentially infect lymphoid cells, replicate slowly, and are maintained in a latent state by replication of the viral genome as an episome. These biological dierences from the alpha and beta herpesviruses are re¯ected in altered behaviour with respect to PML, but nonetheless some parallels are evident. EBV protein EBNA-5 becomes associated with PML NBs although no consequent ultrastructural changes have been noted (Szekely et al., 1993) . Another EBV protein, BZLF1 (Zta) disrupts PML NBs in transfected cells (Adamson and Kenney, 2001 ), but this occurs only when BZLF1 is highly expressed and may be a consequence of competition for SUMO-1 since BZLF1 becomes SUMO-1 modi®ed while the degree of modi®cation of PML decreases (Adamson and Kenney, 2001 ). However, PML NBs are disrupted during EBV lytic replication in a sequential manner, with Sp100, hDaxx and NDP55 being lost rapidly while PML is dispersed more slowly .
During latency, EBV genomes are not associated with PML NBs but instead are attached to interphase chromosomes by a mechanism that may ensure their inheritance by daughter cells . When reactivation into the lytic cycle is induced, the EBV replication compartments develop in association with PML body remnants in a similar manner to that observed with HSV-1 and HCMV .
A similar picture is emerging in the case of HHV-8. Latent episomal HHV-8 genomes are associated with chromosomes in foci that also contain LANA, the latency associated nuclear antigen (Ballestas et al., 1999; Cotter and Robertson, 1999) . However, establishment of HHV-8 structures resembling replication compartments using transfected plasmids indicated that these are associated with PML NBs (Wu et al., 2001) . Taken with the HPV results described below, it may be a general phenomenon that latent or slow-growing viruses which maintain episomal genomes in dividing cell populations are associated with chromosomes during latency or cell division, and develop lytic replication centres in association with PML NBs or their remnants.
Adenoviruses
Given the varied herpesvirus interactions with and eects on PML NBs described above, it is not surprising that adenovirus infection has also been linked to PML NBs. Adenovirus proteins E1A and E4orf3 become associated with PML NBs, and E4orf3 is sucient to disrupt them (Carvalho et al., 1995; Doucas et al., 1996; Ishov and Maul, 1996) . After disruption, PML NB components form track-like objects that also contain E1B-55 kD and E4orf3, and all these proteins with the exception of PML are later recruited into the viral replication compartments (Doucas et al., 1996) . Although E4orf3 does not aect SUMO-1 conjugation to exogenous PML in cotransfected cells (Muller and Dejean, 1999) , there is a gradual change in PML during adenovirus infection that results in an additional modi®cation (possibly phosphorylation) of many of the endogenous PML isoforms. This is followed by loss of the SUMO-1 modi®ed PML species and accumulation of a novel PML band that may be similar to a presumed hyperphosphorylated form that appears during mitosis (Everett et al., 1999c; Leppard and Everett, 1999) . Since previous work on E4orf3 has concentrated on its role in post-transcriptional processes, the signi®cance of its eects on PML NBs remains poorly understood.
Papovaviruses
Papovaviruses are relatively small compared to the herpes and adenoviruses, and they replicate as episomes using many host cell functions. SV40 large T antigen activates viral DNA replication by binding to the viral replication origin and in part localizes in foci juxtaposed to PML NBs in transfected, infected and transformed cells (Carvalho et al., 1995; Doucas et al., 1996; Jiang et al., 1996) . SV40 DNA replication also occurs in similar PML body-associated foci , and the localization of SV40 genomes to the periphery of ND10 requires both SV40 large T antigen and an intact SV40 origin of DNA replication (Tang et al., 2000) . This last study indicated that SV40 transcription also occurs in these structures, but such PML-body associated replication-transcription foci did not develop if the potential for DNA replication was removed. However, the overall levels of SV40 transcription were not dependent on the association of plasmids or viral genomes with PML NBs, indicating that while transcription could take place throughout the nucleus, DNA replication preferentially occurred in the vicinity of PML NBs (Tang et al., 2000) .
Papillomavirus replication centres and regulatory proteins also display associations with PML NBs. Bovine papillomavirus minor capsid protein L2 was found to co-localize with PML NBs in transfected hamster and monkey cells, and to cause the relocation of the major capsid protein L1 and the regulatory protein E2 into these structures (Day et al., 1998; Heino et al., 2000) . The suggestion that these events re¯ect accumulation of viral replication and assembly foci associated with PML NBs has been strongly supported and extended by a study using human papillomavirus (HPV) (Swindle et al., 1999) . In a proportion of cells, viral foci containing the E1 and E2 regulatory proteins and replicating DNA were found in association with PML NBs. Reminiscent of the case of SV40 reported above, the degree of this association was reduced when the origin of DNA replication was removed from the HPV plasmid (Swindle et al., 1999) . Papillomavirus genomes are not always associated with PML NBs because they become associated with host chromosomes during mitosis (Bastien and McBride, 2000; Lehman and Botchan, 1998) . As in the cases of EBV and HHV-8 noted above, this property ensures their maintenance in a dividing cell population.
SUMO-1 modi®cation of viral proteins
The mechanisms that cause the association of viral genomes and proteins with PML NBs remain unknown. Since some of the proteins that accumulate at PML NBs are or can be modi®ed by SUMO-1 (for example PML, Sp100, hDaxx and HP1), a simple mechanism would be for the viral proteins themselves to be SUMO-1 modi®ed. However, the connection between SUMO-1 modi®cation and PML NB localization is incompletely understood, and it is likely that the mechanism of viral protein localization at PML NBs is complex. Although HCMV proteins ie1 and ie2 Hofmann et al., 2000; Muller and Dejean, 1999) and EBV protein BZLF1 (Adamson and Kenney, 2001) are indeed conjugated to SUMO-1, mutation of the modi®ed lysine residues in ie2 did not compromise its localization to PML NBs . Furthermore, neither ICP0 nor E4orf3 appear to be substrates for SUMO-1 modi®cation (Muller and Dejean, 1999) . Sequences in the C-terminal region of ICP0 are required for its ecient localization at PML NBs Maul and Everett, 1994) , but there is no detectable similarity between this region and other proteins that become PML NB associated, even in most of the other members of the ICP0 protein family. Therefore it seems that some aspect of the overall conformation of a protein, rather than a particular conserved domain, determines its association with PML NBs.
The role of SUMO-1 modi®cation in HCMV ie2 has been examined in some detail . It was found that ie2 interacts with Ubc9 and SUMO-1, -2 and -3 (perhaps through a speci®c SUMO-interaction domain), and can be modi®ed by both SUMO-1 and SUMO-2. Although mutation of the two de®ned SUMO-1 modi®cation sites on ie2 did not aect its interactions with PML NBs, overexpression of SUMO-1 increased the ability of ie2 to activate gene expression. It was suggested that SUMO-1 modi®ca-tion of ie2 could in¯uence its interactions with the cellular transcription factors through which it has been reported to act .
Potential roles of PML nuclear bodies in DNA virus replication
The wealth of data summarized above suggests that nuclear replicating DNA viruses have some association with PML NBs, but the underlying reasons and consequences remain unclear. DNA viruses in general seem to express at least one regulatory protein that interacts directly with PML NBs, and in many cases these cause striking morphological changes that can be accompanied by severe biochemical eects. The dierences between the individual viral proteins that interact with PML NBs and their diering modes of action implies that the viruses have evolved dierent methods to achieve some bene®cial outcome ± these interactions are unlikely to be chance events. The seemingly ubiquitous preferential development of viral DNA replication centres in association with PML NBs again argues for the involvement of speci®c, regulated events. However, the evidence could be interpreted either in terms of PML NBs exerting a repressive eect on viral genomes, or that they contain factors which are bene®cial to the virus.
Positive or negative?
The hypothesis of a negative eect of PML NBs on viral gene expression is supported by the correlation between the ability of the ICP0 family of proteins and HCMV ie1 to activate viral gene expression and destroy PML NBs. The idea that PML NBs contain factors which repress viral gene expression is consistent with data on the repressive eects of PML body proteins Sp100, hDaxx and HP1 in a variety of gene expression assays, and one study that found that HCMV infection progressed poorly in cells expressing high levels of PML VI (Ahn and Hayward, 2000) . Furthermore, although the antiviral eect of interferon occurs at many dierent levels, there is some evidence for a link between interferon inhibition of HSV-1 immediate-early gene expression and induction of PML and Sp100 expression (Mossman et al., 2000; Taylor et al., 2000) . It is a popular hypothesis amongst herpes virologists that HSV-1 ICP0 and HCMV ie1 relieve a host repression mechanism that targets incoming viral genomes, and there is much compelling data in support of this idea (Preston, 2000) . However, as detailed elsewhere in this volume, several studies have suggested a more positive role of PML NBs in transcription, either as sites associated with active transcription or because of interactions between PML and transcription factors. Thus disruption of PML NBs could release stored factors that are required for ecient viral gene expression. These contrasting negative and positive hypotheses are encapsulated by the phrase`nuclear dumps or depots' (Maul, 1998) .
Replication sites
If an infected cell progresses to viral DNA replication, the replication centres are generally associated with PML NBs to a far greater degree than would be expected by chance. This follows from the preferential localization of parental HSV-1 and HCMV genomes at the periphery of PML NBs at the start of infection, but it also occurs when viral replication proteins and replicon plasmids are introduced by transfection. In the case of SV40, this association requires the presence of both large T antigen and a functional replication origin and does not occur with transfected plasmid DNA in general. SV40 genomes may be transcribed at other locations in the nucleus, but those at PML NBs appear to have a greatly increased chance of initiating a replication centre. Furthermore, EBV and HHV-8 genomes seem to become associated with PML NBs only after they have begun lytic replication. These data suggest that PML NBs, their remnants after disruption, or the nature of the locations at which PML NBs form have some property that enhances the development of viral replication centres. This positive aspect does not necessarily contradict the idea of a negative eect of PML NBs on parental viral genomes since dierent mechanisms will be involved ± repression concerns transcription at the very earliest stages of infection, while DNA replication requires recruitment of other cellular factors at a later stage when considerable changes may have occurred in the PML NB environment.
Antigen processing or protein stability control sites PML NBs have long been connected with transcription (in either positive or negative ways) and DNA replication, but recent evidence suggests that they could be involved in protein modi®cation, processing or stability. SUMO-1 modi®cation of proteins is intimately connected with PML NB dynamics, and it is possible that there are as yet poorly understood connections between the SUMO-1 and ubiquitin modi®cation pathways. More direct evidence for a role of PML NBs in protein stability comes from the observation that mis-folded protein can accumulate at PML NBs (Anton et al., 1999) , that concentrations of conjugated ubiquitin are detectable at these sites (Anton et al., 1999; Everett, 2000a) , and ubiquitin speci®c protease USP7 is in part associated with PML NBs in some cell types (Everett et al., 1997) . Furthermore, interferon treatment leads to accumulation of the PA28 (11S) proteasome regulator at PML NBs (Fabunmi et al., 2001) , while arsenic also results in recruitment of the 11S regulator concomitantly with the induction of PML degradation (Lallemand-Breitenbach et al., 2001) . In addition, proteasome inhibitors cause rapid changes in PML body number, components and location (Everett et al., 1999b; Mattsson et al., 2001) . Thus turnover of both certain endogenous and exogenous proteins may be in some way connected to PML NBs. If this applies to newly synthesized viral proteins, the negative regulation hypothesis put forward above could simply represent degradation of viral proteins in the vicinity of their target genomes. A variation of this type of model comes from recent observations that a chromosomal locus with several hundred integrated copies of a transgene with tetracycline and lac gene operator sites is also preferentially associated with PML NBs, but only if proteins which bind to the tet or lac operator sequences are expressed (Tsukamoto et al., 2000) . These authors suggested that PML NBs may act as nuclear sensors that detect local concentrations of exogenously introduced foreign proteins, a concept that parallels the assembly of transcription and replication complexes on parental viral genomes.
Conclusions
The study of DNA viruses in relation to PML NBs has moved a long way since the initial observations of the eects of HSV-1 infection. We now know that DNA viruses in general have a tendency to establish replication centres on the periphery of the PML NBs, and that several viral regulatory proteins interact with and in some cases cause dramatic alterations to the domains. The biochemical processes underlying some of these events have begun to be elucidated, but much more in this regard remains to be discovered. Understanding these molecular events will be a key factor in determining the precise functional consequences of viral interactions with PML NBs, but this will not be easy. It is dicult to separate events occurring at PML NBs from other, perhaps unsuspected, changes elsewhere in the cell, but it will be even more dicult to study these events in isolation using in vitro systems. The next 10 years of the study of viruses in relation to PML NBs promises to be as interesting and challenging as the previous decade.
